Introduction
Detailed knowledge about the wind speed and its variations is essential when evaluating the power performance, load levels and noise migration of modern wind turbines as these properties are highly dependent on the incoming wind conditions (Elliott and Cadogan, 1990; Larsen et al., 2005; Barlas et al., 2012; Aagaard Madsen, 2014; St. Martin et al., 2016) .
Measuring the correct wind speed is a challenge. Often the wind speed is measured by a cup or sonic anemometer at a met mast 2 to 3 rotor diameters away, but if the mean wind direction is not exactly towards the wind turbine, the measured wind will not hit the rotor. Even if the wind direction is exactly towards the turbine, the correlation between the measured wind and the wind at the rotor will decrease with the distance, as smaller turbulence structures will change on their way to the turbine. Using a proper average time, e.g. 10 min mean values, the temporal and spatial discrepancies are somewhat averaged out, and a good correlation between wind speed and power is achievable.
Another option is to measure the wind with an anemometer mounted on the spinner or the nacelle. In this case the spatial and temporal distance is not an issue, but the measured wind speed is distorted by the rotor. In addition the variation over the rotor plane is often significant due to shear, veer and turbulence -especially in complex terrain and wind farmsand this variation is not captured by an anemometer on the spinner or the nacelle.
Lidar technology is capable of measuring this variation, but in most setups the lidar is configured to scan the inflow at some distance upstream, where the temporal and spatial correlation is lower.
A fourth option is to measure the wind with a blademounted flow sensor. In this way the correlation between cause and effect is higher, as the wind is measured exactly where it affects the wind turbine and the effects of shear, veer and smaller turbulence structures are also captured.
Over the last 28 years, blade-mounted five-hole pitot tubes have been used in several research projects to characterize the inflow of wind turbines (Aagaard Madsen, 1991; Petersen and Aagaard Madsen, 1997; Aagaard Madsen et al., 2003 , 2010b Pedersen et al., 2015) . Five-hole pitot tubes measure the relative flow velocity as well as the flow angle in two perpendicular planes, and from these quantities threedimensional turbulent wind speeds can be derived.
In 1989, a pitot tube was mounted on a 95 kW Tellus turbine; see Fig. 1 . The turbine was a fixed-pitch, constantspeed, stall-regulated turbine with rather stiff blades; i.e. the angle of attack, measured by the pitot tube, is highly correlated with the axial wind speed at the pitot tube.
A subset of the Tellus measurement dataset has been procured for this study. In Fig. 2 , the 30 s mean powerproduction observations are plotted as a function of the angle of attack (a) and met-mast wind speed (b) . The met mast is located 2.5 diameters from the turbine, and observations where the met mast is in the wake are excluded from Fig. 2b . It is seen that the power production correlates much more highly with the angle of attack than with the met-mast wind speed, especially below stall.
The quality of a power curve depends on the number of data points and the scatter of these points; furthermore, all regions of the curve must contain enough data points. The number of data points can be increased by extending the measurement period, but it can also be increased by reducing the averaging time. In Fig. 3 the averaging time of the pitot-tubebased plot is reduced to the time of one revolution ( ∼ 1.25 s); i.e. around 24 times more data points are obtained from the same measurement period, and the scatter level is still lower than the met-mast-based 30 s mean observations in the region below stall. This means that the assessment time can be significantly reduced, as many more data points with less scatter are obtained and in addition rarely occurring wind speeds are more likely to occur for a 1.25 s than for a 30 s averaging period.
Today, 28 years later, standard wind turbines are pitch regulated and operated with variable speed and have a 5-10 times larger rotor and very flexible blades. In this paper we will therefore investigate if a similar speed-up in power and flap load assessment time is achievable by using pitot-tube measurements as an inflow reference on modern megawatt wind turbines such that a power curve and load validation can be conducted from a few days of measurements.
The study is based on aeroelastic simulations using the code HAWC2 (Larsen and Hansen, 2007) and measurements on a Siemens 3.6 MW wind turbine.
Method
In this section the applied procedures for deriving wind speed from pitot-tube measurements are presented as well as the Wind Energ. Sci., 2, 547-567, 2017
www.wind-energ-sci.net/2/547/2017/ error measure that is used to evaluate the quality of power and flap load curves.
Deriving the wind speed from the angle of attack on the Tellus turbine
For the Tellus turbine which has a fixed pitch, constant rotor speed and rather stiff blades, the axial wind speed at the pitot tube, v y , is a function of the rotor speed, v rot , and the angle of attack, α (see Fig. 4 ):
The inflow angle measured by the pitot tube, α p , obviously depends on the angle of the pitot tube but also on the position due to increased upwash near the airfoil; see Figure 5 . In general the relation between the angle of attack and the flow angle at a point near the airfoil, F α , is nonlinear but monotonically increasing in the region of interest if the effects of dynamic stall are neglected. The Tellus turbine has 5 • tilt (angle between shaft and horizontal); i.e. α p is increased when the blade moves up and vice versa, so that u p becomes
As the sinusoidal contribution from tilt is almost cancelled out when averaging over one revolution, the average axial wind speed can be considered a monotonic function of α p when averaging over one or more revolutions.
Deriving the wind speed from pitot-tube measurements of modern wind turbines
For modern wind turbines with variable pitch and rotor speed, α p cannot be used directly as a measure of the axial wind speed. In this case the following procedure is used:
-determine the angle of attack and relative velocity from the flow angle and velocity measured by the pitot tube -map the angle of attack, relative velocity and pitottube side-slip angle from spherical coordinates to a 3-D Cartesian flow vector -determine and subtract the velocity due to the movement of the pitot tube -map the wind speed vector onto global coordinates and extract the horizontal component.
Estimating the angle of attack
At the pitot-tube tip, i.e. near the airfoil, the flow angle, α p , and the relative speed, |v relp |, are different due to local circulation around the blade section and deceleration of the flow; see Fig. 5 . The first step is therefore to find the angle of attack, α, and the relative speed, |v rel |. For the simulations, this step is not necessary, as HAWC2 directly computes α and |v rel | based on the blade element momentum (BEM) model.
For the measurements, 2-D computational fluid dynamics (CFD) simulations have been used to compute the velocity, v relp , for different angles of attack. From these velocities two functions are generated. The first function, F α , maps α p to α (see Fig. 6a ), while the second, F vrel , gives the flow speed at the pitot tube, |v relp |, relative to the flow speed some distance upstream, |v rel |:
see Fig. 6b .
Map onto 3-D flow vector
In Fig. 7 the relations between the wind speed in polar coordinates, (α, β, |v rel |), and Cartesian coordinates, (v rel,x , v rel,y , v rel,z ), are seen. These relations can be formulated as
and, now, v rel = v rel,x v rel,y v rel,z T can be derived:
2.2.3 Estimate and subtract the movement of the pitot tube
The pitot-tube movement derives from three factors: the rotor speed, pitch motions and the speed due to blade deflection. The rotor speed contributes with a tangential speed, v rot , which is the product of the rotor speed, ω rot , and the radius of the pitot-tube tip; see Fig. 8a . Note that the radius changes during pitch motion.
Similarly, pitch motions also result in a velocity, v pitch , tangential to the pitch axis; see Fig. 8b .
As the speed due to blade deflection cannot be extracted from the current measurement database, this contribution is not included in the present study. The error introduced by this simplification is, however, analysed in Sect. 4.3.
The measured relative flow velocity, rotational velocity and pitch velocity are now mapped to a common blade coWind Energ. Sci., 2, 547-567, 2017
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Map to global coordinates
Finally the flow velocity is mapped to a global coordinate system using rotation from pitch, coning (downwind angle of blades relative to a line perpendicular to the shaft) , rotor position and tilt, and the horizontal wind speed component parallel to the main shaft, v y , is extracted.
Power of variable-speed wind turbines
Wind turbines convert aerodynamic power to electrical power, but some energy is "stored" as angular momentum in the rotor. When dealing with small timescales on modern variable-speed wind turbines, the fraction of the aerodynamic power used to accelerate or decelerate the rotor may be significant. To include this energy buffer, the power observations used in this study are compensated for rotor speed variations when the power is below rated power by
where I is the inertia of the rotor, ω rot is the rotational speed, and t1 and t2 are the start and end time of the observation period, e.g. one revolution.
Performance curves
First the observations are binned based on their wind speed values. In this study bins of 0.5 m s −1 ranging from 3 to 18 m s −1 are used. For each bin the mean wind speed is calculated as well as the mean power/flap load, and then the power and flap load performance curves are generated by linear interpolation between these mean values.
Error measure
The accuracy of the pitot-based power and load curves cannot be evaluated in its present form as the curves cannot be compared to reference curves of existing methods that are based on free-flow wind speed. We will therefore focus on variability between periods or cases instead of accuracy. If the curves obtained in similar conditions are equivalent, then it will be possible to make a small adjustment on the rotor, e.g. changing the tip shape or vortex generator configuration, and to determine whether the change affects the power production or load levels.
For this purpose the variation in terms of the mean standard deviation will be used.
For each set of observations, a power or flap load performance curve, PC, is generated. For M different wind speeds, the standard deviation of all PCs is then calculated, and the mean standard deviation in percent of maximum power or www.wind-energ-sci.net/2/547/2017/ Wind Energ. Sci., 2, 547-567, 2017 load is used as an error measure:
In the parameter study referred to in Sect. 5.2, the effects of different inflow conditions are investigated by changing an inflow parameter, e.g. the turbulence intensity, and comparing the resulting power and load curves to a reference curve. In this case the error measure is modified, such that the curves are compared to the reference curve:
Numerical study
In this section, simulation results are used to investigate the optimal averaging time, the uncertainties introduced by blade deflection and torsion and the optimal radial position of the blade-mounted flow sensor. Finally, a numerically based estimation of the achievable assessment time reduction is presented.
The simulations are performed using HAWC2, which is a nonlinear aeroelastic code intended for computing wind turbine response in the time domain (Aagaard Madsen et al., 2010b Kim et al., 2013; Larsen et al., 2015) .
The turbine model used for the simulations is based on the structural and aerodynamic configuration of the Siemens 3.6 MW turbine, which was tested at Høvsøre in 2009 during the DANAERO project (Aagaard Madsen et al., 2010a) , i.e. a model of the turbine in the full-scale measurement study in Sect. 5.
Simulation overview
For the analysis, different simulation sets have been created; see Table 1 . All simulation sets contain 30 min of simulation for each wind speed ranging from 3 to 18 m s −1 in 0.5 m s −1 steps, i.e. 15.5 h of simulation per set.
Averaging time
For IEC standard power curves, 10 min mean values are required (IEC 61400-12-1, 2005), but in this study shorter average times are also used.
Reducing the averaging time results in more observations with more variation. If the correlation between wind speed and power/load is high, this variation adds usable information, and the uncertainty of the power/load curve decreases. If, on the other hand, the correlation is low, the variation mainly results in more scatter, and nothing is achieved.
To investigate the optimal averaging time, the mean standard deviation of 16 power/load curves has been calculated for different averaging times, ranging from 1 to 600 s. The 16 curves are based on the 16 simulation sets in SIM1; see Table 1 . Figure 9 shows an example of the 16 power curves generated from 15 s mean values. The mean variation in the met-mast-based power curves is 0.21 % of rated power, while it is 0.09 % for the pitot-based curves.
The variation is plotted in Fig. 10 as a function of averaging time for power curves based on met-mast wind speeds, free-flow wind speeds at the hub centre and wind speeds from a pitot tube at 36 m.
It is seen that the variation is increased with the distance; i.e. the power curves based on met-mast wind speed have more variation than those based on the wind speed at the hub centre and the pitot wind speed curves have even less variation. Note that in this case the free-flow wind speed at the hub centre is extracted directly from the simulations. This wind speed can be derived from a spinner anemometer or from a nacelle-mounted cup anemometer, but in practice additional Wind Energ. Sci., 2, 547-567, 2017
www.wind-energ-sci.net/2/547/2017/ variation is expected to be introduced by tower deflections and the disturbed-to-free-flow transfer function. The variation in the hub centre and pitot-based curves decreases with shorter averaging times, while the variation in the met-mast-based curves is almost constant due to the lower correlation. In simulations, where the inflow is stationary, the met-mast and hub-centre variations will coincide for longer average times, but in practice long average times are not appropriate due to the non-stationary nature of real inflow.
For average times below one revolution, the variation in the pitot-based curves increases significantly as shear-and turbulence-induced local wind speed variations within the rotor are not averaged out. Figure 11 shows similar results for the flap moment curves.
Uncertainty due to blade and tower deflection
During operation, the structure of a modern wind turbine moves and the blades deflect and twist considerably. The motion contributes to the movement of the blade-mounted flow sensor and thereby the measured flow velocity. When calculating the wind speed, the velocity of the sensor should be subtracted from the measured flow velocity, but in this case the velocity deriving from blade deflection is unknown and consequently cannot be subtracted. In addition, blade deflection changes the orientation of the sensor such that the measured flow speed cannot be mapped onto the true global coordinates, as the true orientation is unknown.
The error that these effects introduce to the estimated wind speed has been investigated using numerical simulations. From the first simulation set in SIM1 (see Table 1 ), pitottube data, i.e. α, β, v rel , were output at 11 different radial positions on the blade ranging from the root to the tip. Based on the pitot-tube data, the estimated global wind speed including velocity due to blade deflection was calculated and compared to simulated "real" wind speed. Figure 12 shows the maximum (a) and mean (b) difference of the axial wind speed component as a function of wind speed and radial position during 30 min of operation. As expected the error increases towards the tip, especially in high wind. At 70 %, i.e. close to the position of the pitot tube in the measurements, the maximum error is around 2 m s −1 , while the mean error is up to 0.5 m s −1 . This means that the instantaneous wind speed estimated from the pitot-tube data is inappropriate for power and load assessment. In this study however, we use the mean of one revolution as the lowest observation average time, and during one revolution the velocity caused by small-scale turbulence-induced deflections as well as 1P (one-per-revolution) periodic deflections, e.g. due to shear, is almost averaged out, as seen in Fig. 13 , where the errors of the one-revolution means are shown.
The major part of the remaining error is caused by a static deflection of the blade, which changes the orientation of the sensor. This error is related to the thrust on the rotor and peaks around rated wind speed. For a flow sensor mounted at 70 % in 12 m s −1 , Fig. 14a reveals an almost constant offset between the simulated "real" wind speed and the wind speed estimated from the virtual pitot-tube data, which is confirmed by the error distribution plot in Fig. 14b .
The constant part of the error will shift the x axis of the power and load assessment curves in a nonlinear way, but it will not introduce additional variation when comparing power and load curves of different periods, and it can therefore be neglected in this study. Figure 15 shows the maximum and mean error of the onerevolution mean wind speed after subtracting the mean offset. At 70 % radial position the maximum and mean error are less than 0.2 and 0.05 m s −1 , respectively.
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Optimal radial position of blade-mounted flow sensors
A flow sensor mounted near the root will only sweep a small area of the rotor plane, while a flow sensor mounted near the tip will suffer from large deflections, torsion and tip loss effects. From the 16 simulation sets in SIM 1 (see Table 1 ), power curves are generated based on one-revolution mean values from pitot tubes at different radial positions. The mean standard deviation of these curves is seen in Fig. 16a as a function of radial position. It is seen that a pitot tube at 70 % results in the lowest variation. This means that the position of the pitot tube in the measurements is close to optimal. Using the mean of the wind speeds measured by the pitot tubes at 20, 50 and 80 % gives power curves with only slightly lower variation. For the flap moment curves, the optimal sensor position is around 50 %; Fig. 16b . In this case a slightly lower variation is also seen when using the mean wind speed measured by three pitot tubes.
Potential assessment time reduction
In this section we want to quantify the potential assessment time reduction that can be achieved -based on simulations. Due to the higher correlation between the blade-mounted flow sensor wind speed and the power/flap loads, it is expected that fewer observations are required to reach a certain variation level. To quantify the reduction, the variance in power curves generated from 1 to 36 h of one-revolution mean observations is calculated; see Fig. 17 . The observations used for the power curves are uniformly distributed; i.e. each of the 1 h power curves is based on approximately 2 min of each simulated wind speed from 3 to 18 m s −1 .
It is seen that it requires 36 h of observations based on metmast wind speed and 15 h of observations based on nacelle wind speed to reach the error level obtained from 4 h of observations using the pitot tube at 36 m. In general the speedup achieved by using pitot-tube-based observations instead of met-mast-based observations is around 7.
Obviously, the wind speed in real measurement observations is not uniformly distributed -it is not even likely that all wind speeds are observed in the same hour -and therefore a similar speed-up cannot be expected in reality.
Full-scale measurement study
In this section, we investigate whether the wind speeds that can be derived from the pitot tube are also highly correlated with the power and flap loads in practice. The results are based on measurements of a full-scale modern wind turbine with a blade-mounted five-hole pitot tube. Furthermore, we address whether more power and flap moment curves with less variation can be obtained by using pitot-tube wind speed instead of met-mast-recorded wind speeds.
Turbine and site
The measurement data of the 3.6 MW Siemens turbine stems from the DANAERO project -2009 (Aagaard Madsen et al., 2010a . The turbine was located at the Høvsøre test site for large wind turbines in Denmark and equipped with a five-hole CPSPY5 Aeroprobe pitot tube at the 36 m radius of one of its 53.5 m blades.
The turbine is located in the middle of a row of five large turbines, and around 3 months of measurement data are available on the turbine and the nearby met masts; see Fig. 18 .
Effects of shear and turbulence intensity, yaw error,
and air density on power and flap load curves Different turbulence intensity, shear level, yaw misalignment and air density result in different power and load curves (Elliott and Cadogan, 1990; Eggers et al., 2003; Antoniou et al., 2007; Wagner et al., 2011; Fleming et al., 2014; St. Martin et al., 2016) . Ideally, all observations should therefore have the same turbulence intensity, shear level, yaw misalignment and air density when calculating the variance in different power and load curves. This is not the case in the measurement dataset and therefore limits must be defined which include observations within a range of turbulence intensities, Wind Energ. Sci., 2, 547-567, 2017 www.wind-energ-sci.net/2/547/2017/ shear levels, yaw errors and air densities, without changing the power and load curves too much. These limits have been found by comparing the reference simulation sets with the sets where different turbulence intensities, shear levels, yaw misalignment angles and air densities have been simulated (see Table 1 ) in terms of the mean absolute difference between the power and load curves in percent of maximum power and load; cf. Eq. (13).
The power and load curves are highly dependent on the turbulence intensity, which must be in the range of 3-12 % to keep the mean absolute difference below 0.5 %.
For every 10 min of measurements, a shear profile coefficient is calculated by fitting a power shear profile to the one hour mean wind speed measured by the main met mast at 10, 40, 60, 80, 100 and 116.5 m height. Most observations have a power shear coefficient below 0.3, which has been found to keep the mean absolute difference below 0.5 %, and the rest is discarded.
There is no indication that the yaw misalignment exceeds ±10 • , and in this region the mean absolute difference of the power and flap moments curves is below 0.5 %.
www.wind-energ-sci.net/2/547/2017/ Wind Energ. Sci., 2, 547-567, 2017 The aerodynamic power and loads are proportional to the density of air for constant power and load coefficient, and therefore the normalization Power normalised = Power 10 min ρ 0 ρ 10 min (14) must be used for power curves of stall-regulated turbines (IEC 61400-12-1, 2005) . Pitch-regulated turbines on the other hand reduce the power coefficient at high wind speeds to maintain rated power. Therefore, another normalization, which normalizes the free-flow wind speed, is used for pitchregulated turbines. However, in this context we are using the pitot wind speed, and therefore the above normalization is applied up to rated wind speed from where it is faded out. When using this normalization, no limits are required on the air density to keep the mean absolute difference below 0.5 %.
Selecting measurement observations
A huge effort has been invested in selecting a proper set of observations from the measurement database as well as in correcting or discarding error-prone sensor observations. The measurement database consists of 1600 h of measurement, but only a few hundred hours are usable for this analysis; see the summary of the selection process in Table 2 . The wake filter discards more met-mast observations than pitot observations as the met mast, i.e. Mast 3 in Fig. 18 , is in the wake of the turbines in easterly wind directions, but many of these cases are discarded anyway as the turbulence intensity or shear coefficient is outside the accepted range. The final filter that rejects datasets containing corrupted or suspicious pitot observations reduces the amount of observations for the pitot-based analysis far below the amount of observations usable for met-mast-based analysis.
Pitot inclusion criteria
The current pitot-tube system is very sensitive to rain, especially the P1-P6 sensor, which records the pressure difference between the centre hole and the static ring. Figure 19 shows the typical behaviour of the P1-P6 sensor, before, during and after rainfall. Before the rain starts, the P1-P6 sensor output is independent of rotor position (Fig. 19a) , and the first droplets are clearly seen as spikes and sinusoidal patterns; Fig. 19b and c. During the rainfall, water gets inside the tubes and the output becomes continuous sinusoidal; Fig. 19d . During the next couple of hours different more or less abnormal patterns are recorded until the water suddenly disappears and a signal independent of rotor position is restored; Fig. 19e -h. These effects of rainfall have not been detected in the measurements from a previous experiment (Aagaard Madsen et al., 2003) , where a Rosemount M858 pitot tube (Schmidt Paulsen, 1990 ) was used.
Many of these patterns are clearly abnormal and easy to detect, while others are similar to patterns occurring in special inflow conditions, e.g. shear, veer and/or yaw misalignment. It is therefore difficult to make an algorithm that isolates the rain-disturbed observations only, and consequently Wind Energ. Sci., 2, 547-567, 2017
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Over an interval of approximately 1 month in the middle of the measurement period, spikes are often seen in the output of the P1-P6 sensor; see Fig. 20a . Often the spikes occur at a fixed rotor position for some time, as seen in Fig. 20b , but the position moves from time to time. In many cases the duration of the spike is only a few degrees as in Fig. 20b , while in other cases the sensor output level seems to be increased for half a revolution.
A rough filter that discards datasets where the maximum absolute instant change of the P1-P6 sensor output exceeds 50 Pa has been applied. The sensors P2-P3 and P4-P5, which record the inflow and side-slip angle, respectively, also have periods with abnormal sinusoidal patterns. These periods are more distinct but not related to rainfall, and in this study they are identified based on their 1P (one-per-revolution) Fourier coefficients values. These results are similar to the results from the Tellus experiment (see Figs. 2 and 3 ) and indicate that it is possible to reduce the scatter of the power and load observations or increase the number of observations by using pitot-tube instead of met-mast recordings -also on modern wind turbines.
In Fig. 21 , the pitot observations are based on 120 s mean values. The simulation results in Fig. 10 , however, indicate that the best results are obtained from averaging times between one revolution and 30 s. Figure 22a shows the power observations from a 10 min period based on 600 s, 120 s and one-revolution mean values. The five 120 s mean values provide information about the slope of the curve in contrast to the single 600 s observation, while the one-revolution mean observations provide information about an even wider range of wind speeds. The scatter of the one-revolution mean observations, however, is remarkable. The scatter is mainly caused by a pitch motion procedure, which changes the pitch angle by 1 • every minute to exercise the pitch bearings. These pitch steps result in two levels and increased scatter in both horizontal and vertical directions as both power and pitot wind speeds are affected . In Fig. 22b , the one-revolution mean observations are coloured according to the current pitch state, which is seen to split the observations in two less scattered groups. Unfortunately this means that the averaging time must be at least 120 s to average out the scatter caused by the pitch motion procedure.
In Fig. 21 , the pitot-based power and flap load observations over a 2-day period were located on a relatively thin line. Plotting all observations, however, results in a thick belt instead of a thin line; see Figs. 23 and 24 . Colouring the observations according to the time of recording reveals that in many periods the observations are describing a relatively thin line, but the line shifts from time to time.
The reason for these shifts has been investigated by comparing time series with similar pitot-tube wind speed and different power levels. In most of these cases the met-mast wind speeds are different, but the pitot-tube wind speeds become equal due to higher loading and thereby different induction. In other cases a combination of fluctuating wind speeds and the pitch motion procedure results in a different response to similar mean wind speeds. Finally, the rated power level clearly changes over the period; see Fig. 23 . This indicates that the control settings are not fixed, and it is therefore likely that the behaviour at lower wind speeds also changes during the measurement period.
Number and variation in performance curves
In Sect. 4, the comparison of uniformly distributed simulation observations showed that the number of hours required to obtain power curves with a variation level below a certain threshold can be reduced around 7 times by using pitotbased instead of met-mast-based wind speeds. This result was based on one-revolution mean values, which in Sect. 4.2 were found to give the lowest variation. However, this is not feasible for the measurements, due to the scatter introduced by the pitch motion procedure. In practice it is not possible to obtain a full power curve, e.g. every 4 h, as both low-and high-wind situations must occur, and from the current measurement database only a few power curves can be obtained. The exact number of curves depends on the wind speed range and resolution of interest. In the following analysis, the range from 4 to 13 m s −1 (metmast wind speed) is divided into bins of 0.5 m s −1 . Observations are then collected for the first power curve until all bins contain at least three observations, then for the next power curve, etc. Figure 25 shows the resulting power curves and the underlying observations. In this case the pitot-based approach provides three curves with 1.1 % variation (percent of maximum power), while four curves with slightly higher variation are obtained from the met-mast-based observations. This means that from the current measurement database, an assessment time reduction cannot be achieved by using pitot-tube wind speed instead of met-mast wind speed.
This result is highly constrained by the pitch motion procedure that introduces scatter for averaging times below 120 s as well as by the amount of discarded observations due to abnormal pitot sensor values. These constraints may be different for another turbine and pitot-tube instrument. An in- dication of the optimal potential has been achieved by relaxing the constraints, i.e. suppressing the pitot ok filter and using one-revolution mean values. In this optimal case, the pitot-based approach results in 20 power curves, and the 19 June produces four power curves in a single day, i.e. the same number as obtained from the whole period using the met-mast-based approach. Note, however, that the variation in these curves may be significant due to shorter averaging times and the line shifting seen in Figs. 23 and 24.
Conclusions
In the numerical part of this paper it is shown that the wind speed derived from a blade-mounted flow sensor of a modern pitch-regulated, variable-speed wind turbine correlates more highly with the power and flap loads than the wind speed measured 2.5 diameters upstream. The correlation is also higher than the wind speed that can be obtained from a fixedpoint instrument, e.g. a nacelle-mounted cup anemometer.
When using wind speed from a blade-mounted flow sensor as the basis for power and flap load curves, shorter obWind Energ. Sci., 2, 547-567, 2017
www.wind-energ-sci.net/2/547/2017/ servation average times, in the range of 5-90 s, reduce the variation in the curves. Deflection and torsion of the blades introduce an error into the wind speed derived from a blade-mounted flow sensor. When averaging over one or more revolutions, the error is significantly reduced and the major part of the remaining error is a constant offset, which can be ignored when power and flap load curves of different periods are compared. For the current turbine the radial flow sensor position that results in the lowest variation in power curves was found to be 70 %, while a sensor in 50 % is optimal for flap load curves.
Finally, the analysis showed that the length of the assessment period, which is required to achieve a certain power or flap load curve variation can be reduced around 7 times by using uniformly distributed wind speed observations from a blade-mounted flow sensor instead of a met mast.
The measurement part of the paper concludes that the current pitot-tube system is highly sensitive to rain, and a proper algorithm must be applied to discard error-prone observations.
During shorter periods the pitot-tube wind speed often correlates more highly with power and flap loads than the metmast wind speed, such that the scatter can be reduced or the number of observations increased by reducing the observation average time. During longer periods, however, the scatter of the pitot-tube-based power and flap load observations becomes significant and often the observations seem to group around relatively thin lines that shift from period to period.
From the current measurement database, an assessment time reduction cannot be achieved using pitot-tube wind speeds instead of met-mast wind speeds. A limiting factor for the present dataset is the pitch motion of 1 • every minute that introduces severe scatter when applying averaging times below 120 s and the high number of observations that are discarded to avoid error-prone pitot observations. Relaxing these constraints reveals that the method may have a high potential for turbines without the pitch motion procedure and equipped with a more robust flow sensor system. The wind speeds measured by a blade-mounted flow sensor have advantages over the wind speeds measured at the met mast, as the blade-mounted flow sensor can be used offshore, in wind farms and in complex terrain, where it may not be possible to put a met mast. It can be used to investigate aerodynamic modifications or detect performance issues, e.g. due to leading-edge roughness, by comparing the relative pitot-based power and load curve between different periods or turbines. In addition it follows the yaw direction; i.e. it is never in the wake of the current turbine in contrast to a traditional met mast. Moreover additional information about the angle of attack, wind speed variations within the rotor plane (e.g. shear, veer, height-dependent turbulence intensity) and wake effects can be extracted. This information can be used as input for the control of individual pitch or active trailing-edge flap to optimize power and/or reduce loads or noise Barlas et al., 2012; Aagaard Madsen, 2014) .
The measured wind speeds are, however, affected by the wind turbine induction. This means that it cannot be used for IEC standard power curves, and changing the induction, e.g. by another control strategy, yaw misalignment or by the pitch step procedure seen in the present study, will shift the resulting wind speed. Another problem is that the induced wind speeds increase up to rated power; i.e. in this region the flow-sensor-based power curve has a higher slope, which for the present turbine was found to be almost vertical around rated rotor speed, such that small wind speed uncertainties result in large power variations.
It is possible to compensate for the presence of the turbine using an aerodynamic model (Pedersen et al., 2015) , but it requires detailed knowledge about the aerodynamic properties of the blades, several assumptions and compromises, and it adds additional uncertainty.
Finally the wind speeds derived from pitot-tube measurements are more vulnerable to uncertainties and errors in the measurement system, as they are derived from 10 sensors instead of 1. Therefore, a robust measurement system is required and the pitot-tube instrument and pressure transducers must be designed to prevent rain, moisture and dust from entering the tubes by using a heater or a draining and/or a pneumatic cleaning system, etc.
It is therefore concluded that the wind speed measured by a blade-mounted flow sensor is highly correlated with the power and flap loads, especially during shorter periods, but the potential assessment time speed-up that was obtainable in the simulation could not be confirmed from the current measurements.
Blade-mounted flow sensors are, however, able to provide additional valuable information about the inflow variations within the rotor plane, but a robust instrument and measurement system is required to extract reliable wind speed measurements.
Data availability. Measurement and simulation data not available due to confidentiality.
